Lancaster TS, Jefferson SJ, Korzick DH. Local delivery of a PKCε-activating peptide limits ischemia reperfusion injury in the aged female rat heart. Am J Physiol Regul Integr Comp Physiol 301: R1242-R1249, 2011. First published August 31, 2011 doi:10.1152/ajpregu.00851.2010.-Reduced efficacy of cardioprotective interventions in the aged female heart, including estrogen replacement, highlights the need for alternative therapeutics to reduce myocardial ischemia-reperfusion (I/R) injury in postmenopausal women. Here, we sought to determine the efficacy of protein kinase-Cε (PKCε)-mediated cardioprotection in the aged, estradioldeficient rat heart. Infarct size and functional recovery were assessed in Langendorff-perfused hearts from adult (5 mo) or aged (23 mo) female Fisher 344 ovary-intact or ovariectomized (OVX) rats administered a PKCε-activator, receptor for activated C kinase (εRACK) prior to 47-min ischemia and 60-min reperfusion. Proteomic analysis was conducted on left ventricular mitochondrial fractions treated with εRACK prior to I/R, utilizing isobaric tags for relative and absolute quantitation (iTRAQ) 8plex labeling and tandem mass spectrometry. Real-time PCR was utilized to assess connexin 43 (Cx43) and RACK2 mRNA post-I/R. Greater infarct size in aged OVX (78%) vs. adult (37%) was reduced by εRACK (35%, P Ͻ 0.0001) and associated with greater mitochondrial PKCε localization (P Ͻ 0.0003). Proteomic analysis revealed three novel mitochondrial targets of PKCε-mediated cardioprotection with aging (P Ͻ 0.05): the antioxidant enzymes glutathione peroxidase (GPX) and MnSOD2, and heat shock protein 10. Finally, decreased levels of Cx43 and RACK2 mRNA seen with age were partially abrogated by administration of εRACK (P Ͻ 0.05). The mechanisms described here may represent important therapeutic candidates for the treatment of acute myocardial infarction in postmenopausal women and age-associated estradiol deficiency. ischemia; superoxide dismutase; glutathione peroxidase; heat shock protein 10; myocardial infarction MORBIDITY AND MORTALITY DUE to acute myocardial infarction are increased at the age of menopause (38), implicating the loss of estradiol (E 2 ) in greater cardiovascular risk for older postmenopausal women (32). Epidemiological studies and clinical intervention trials have failed, however, to demonstrate cardiovascular risk reduction in older women taking hormone replacement therapy (1, 16, 30) , despite experimental evidence for ischemic protection afforded by E 2 replacement in ovariectomized animal models (3, 10, 24, 28, 41) . These findings illustrate the need for a greater understanding of the changes contributing to impaired ischemic tolerance in the aged, E 2
MORBIDITY AND MORTALITY DUE to acute myocardial infarction are increased at the age of menopause (38) , implicating the loss of estradiol (E 2 ) in greater cardiovascular risk for older postmenopausal women (32) . Epidemiological studies and clinical intervention trials have failed, however, to demonstrate cardiovascular risk reduction in older women taking hormone replacement therapy (1, 16, 30) , despite experimental evidence for ischemic protection afforded by E 2 replacement in ovariectomized animal models (3, 10, 24, 28, 41) . These findings illustrate the need for a greater understanding of the changes contributing to impaired ischemic tolerance in the aged, E 2 -deficient heart and for the identification of alternative therapeutics to reduce cellular injury during myocardial infarction in postmenopausal women.
Many cardioprotective interventions known to reduce ischemia-reperfusion injury (I/R) involve signaling mechanisms that converge on the mitochondria and result in activation of protein kinase-Cε (PKCε) (19) . PKCε translocates to the mitochondria during both I/R and ischemic preconditioning (IPC) (8) , where it is active upon binding to its specific adaptor protein receptor for activated C kinase 2 (RACK2). Importantly, acute activation of PKCε 10 min prior to ischemia by the isozyme-specific regulatory peptide pseudo-ε RACK (εRACK) mimics IPC and reduces I/R injury in multiple model systems (7) , including in the aged male rat heart (26) . However, given our previous observations of reduced mitochondrial PKCε levels in the aged female rat heart (18) combined with the well-characterized refractoriness of the aged heart to cardioprotective intervention (21) , the sufficiency of acute PKCε activation to produce cardioprotection in the aged, E 2 -deficient rat heart was uncertain.
Therefore, the purpose of the present study was to determine the efficacy of acute PKCε activation on reducing I/R injury in the aged, E 2 -deficient female rat heart. We hypothesized that I/R injury would decrease following local delivery of the PKCε-activating peptide εRACK in association with increased mitochondrial targeting of PKCε. Toward a mechanism of this protection, we also sought to identify novel or altered mitochondrial PKCε signaling partners mediating early cardioprotective events immediately following PKCε activation using a state-of-the-art, high-throughput quantitative proteomics approach. Given the importance of the mitochondria in the normal myocardial response to I/R injury and PKCε-mediated cardioprotection, it is logical that alterations in mitochondrial protein levels immediately following PKCε activation may also contribute to improved ischemic tolerance with age-associated E 2 deficiency.
MATERIALS AND METHODS
Animal care. Adult (5 mo, n ϭ 19) and aged (23 mo, n ϭ 32) female Fisher 344 rats were supplied by Harlan Sprague Dawley (Indianapolis, IN) and Taconic (Hudson, NY). Rats were housed under a 12:12-h. light-dark cycle and received food and water ad libitum. All animal handling and utilization protocols were reviewed and approved by the Penn State University Institutional Animal Care and Use Committee and adhere to American Physiology Society's Guiding Principles in the Care and Use of Animals. While we have previously demonstrated age-associated reductions in E2 levels (17, 18, 33) , we also utilized bilateral ovariectomy (OVX) surgeries on a subset of aged rats to exacerbate age-associated E2 deficiency (see Refs. 17, 18, 33) . Animals were allowed to recover for 4 -6 wk prior to the date of experimental study, and successful surgery was confirmed at the time of death by measuring uterine weight. Ovary-intact animals were used as age-matched controls.
PKC regulatory peptides. A specific PKCε activator peptide (εRACK; C-HDAPIGYD) derived from the PKCε pseudo-RACK sequence (PKCε amino acids 85 to 92) and a PKCε inhibitory peptide (εV1-2; C-EAVSLKPT) derived from the PKCε RACK-binding sequence (PKCε amino acids 14 -21) were provided by KAI Pharmaceuticals (San Francisco, CA). Peptides were conjugated reversibly to a Tat-derived carrier peptide [Tat amino acids 43-58 (C-YGRKK-KRRQRRR)] by disulfide bond at the NH 2 terminus.
Isolated heart preparation. Animals were anesthetized by pentobarbital sodium (40 mg/kg body wt ip), and hearts were rapidly excised by midline thoracotomy and immediately rinsed in ice-cold (4°C) saline. Within 60 s of excision, hearts were secured via aortic cannulation to a Langendorff apparatus and perfused at constant pressure (85 mmHg), temperature (37°C), and pH (7.4) with a modified Krebs-Henseleit bicarbonate buffer containing (in mM): 1.75 CaCl 2, 117.4 NaCl, 4.7 KCl, 1.2 MgSO4, 1.3 KH2PO4, 24.7 NaHCO3, 11 glucose, 0.5 pyruvate, 0.5 EDTA, and 1.2 USP units/ml heparin. Hearts were paced at 260 beats/min and a fluid-filled latex balloon inserted into the left ventricle (LV) was inflated to yield an enddiastolic pressure (EDP) of 5 to 6 mmHg. LV function was assessed using the Ponemah Physiology platform (Gould Instrument Systems, Valley View, OH).
Protocol of the isolated heart study. Hearts were perfused as described above for an equilibration period of 30 min duration (Fig. 1) . Control hearts were perfused for the entire equilibration period, while drug-treated hearts received either 1) Tat-εRACK (500 nM) via the perfusate for the final 10 min of equilibration or 2) Tat-εV1-2 (1 M) for 10 min immediately followed by coadministration of Tat-εRACK (500 nM) for the final 10 min of equilibration. For baseline analytical and proteomics studies, LVs were isolated, weighed, halved, and snap frozen in liquid N 2 following the initial 30-min equilibration period and prior to I/R. For functional studies, hearts were subjected to 47-min global, no-flow ischemia. Pacing was resumed 1.5 min after the restoration of flow, and hearts were reperfused for either 60 min (for biochemistry studies) or 120 min (for infarct size analysis). All isolated LV sections were stored at Ϫ80°C until tissue preparation.
Infarct size assessment. A subset of hearts (n ϭ 3-5 per group) underwent 47-min ischemia followed by 120-min reperfusion, and the area of infarction was assessed as described previously by Downey (31) . Briefly, after reperfusion LVs were isolated, weighed, and frozen at Ϫ20°C for 30 min, LVs were then sliced transversely and stained with 1% triphenyltetrazolium chloride in phosphate buffer (pH 7.4) for 20 min at 37°C, followed by overnight incubation in 10% formalin at room temperature. Heart slices were mounted onto glass plates at 1.5-mm thickness, and both sides of each slice were digitally photographed using a camera mounted to a SZX9 microscope (Olympus). Digital images of infarcted LV were analyzed using National Institutes of Health ImageJ software.
Tissue sample preparation. For Western blot analysis, total LV homogenates and mitochondrial subcellular protein fractions were prepared as described previously (18) . All protein concentrations were determined by the method of Bradford (4) . For proteomics studies, isolated mitochondrial protein homogenates were prepared exactly as previously published (17, 33) , except that Tris·HCl (pH 7.4) was replaced with equivalent concentrations of HEPES (pH 7.4). This substitution was necessary to provide a primary amine-free buffer for subsequent proteomic labeling (see below). We have previously demonstrated that cytosolic contamination of the mitochondrial fraction is Ͻ 2%, as measured by lactate dehydrogenase activity (17) , and no direct indications of plasma membrane contamination (i.e., identification of proteins exclusively expressed in the plasma membrane, such as ecto-5=-nucleotidase) were observed in the current proteomics studies.
Western blot analysis. Western blot analysis was performed according to well-established procedures in our laboratory (25) . Briefly, equal amounts of total, and/or mitochondrial protein sample were electrophoresed on SDS-polyacrylamide gels (Bio-Rad) and transferred to polyvinylidene difluoride membranes. Following incubation in blocking buffer (6% nonfat milk), membranes were probed with primary antibody against PKCε (Santa Cruz Biotechnology, Santa Cruz, CA), Akt and phospho (p) Akt 473 (Cell Signaling), heat shock protein 10 (HSP10; Stressgen), glutathione peroxidase (GPX; Abcam), and manganese superoxide dismutase 2 (SOD2, MnSOD; Caymen Chemical). Membranes were incubated with appropriate horseradish peroxidase-linked secondary antibody, and immunoreactive bands were visualized by enhanced chemiluminescence (GE Amersham). Densitometry analysis was performed using Scion Image (NIH). Minor differences in protein loading were corrected for by SYPRO Ruby staining (Invitrogen), and densitometry values were adjusted as described previously (36) . All Western blot analyses were expressed relative to the adult control group.
Isobaric tags for relative and absolute quantitation sample preparation and analysis. LV mitochondrial protein homogenates were prepared for proteomics analysis using the isobaric tags for relative and absolute quantitation (iTRAQ) 8Plex Reagent Kit (Applied Biosystems) according to the manufacturer's instructions. Briefly, 100 g of protein from each mitochondrial sample was individually aliquoted and sequentially labeled with the iTRAQ reagents (113-119 and 121 m/z). Two-dimensional liquid chromatography (2D LC) separation and tandem mass spectrometry (MS/MS) analysis of the prepared samples was conducted at the Penn State Hershey Proteomics Core facility, specifically utilizing SCX LC separation, 15X nanoflow C18 reversed-phase LC separation, matrix-assisted laser desorption/ionization (MALDI) plate spotting, and tandem time-of-flight mass analysis.
Protein identifications and protein quantitation were determined from MS/MS spectra using the Paragon algorithm (44) of the ProteinPilot version 3.0 software package (ABI-MDSSciex), searching the NCBInr (National Center for Biotechnology Information) protein database concatenated to a reversed version of itself (as a Decoy database). Only those proteins identified at an instantaneous (local) false discovery rate Ͻ 5%, which was determined by analyzing the number of Decoy (reversed) database hits using the PSPEP (Proteomics System Performance Evaluation Pipeline) beta software tool (ABIMDSSciex), were considered positive identifications (12) .
Real-time PCR. RNA was isolated as previously described by Chomczynski and Sacchi (9) . Samples were amplified (ABI model 7300) with the reference gene cyclophilin (CyP). Forward and reverse primers for RACK2 and connexin 43 (CX43) were as follows: RACK2, 5=-GCAAATTGAAGGAAGCAGAATTG-3=, 5=-GCTGT-GACGATG TTCCAAACA-3=; CX43, 5=-GCTCCTCACCAACG-GCT-3=, 5=-TTGCGGCAGGAGGAATTG-3=.
Statistical analysis. With the exception of proteomics results, all data are presented as means Ϯ SE and were analyzed using the Statistical Analysis System general linear models procedure. With the exception of Western blot analysis data for PKCε from baseline Fig. 1 . Protocol of the isolated heart studies. Following 30-min equilabration, hearts were either subjected to ischemia-reperfusion or were snap frozen for isobaric tags for relative and absolute quantitation (iTRAQ) processing. RACK, receptor for activated C kinase 2; qRT-PCR, real-time PCR.
preischemic control hearts (two-way ANOVA), all data were analyzed by one-way ANOVA. All post hoc comparisons were analyzed using the Tukey-Kramer or Duncan method.
iTRAQ quantitative proteomics data are presented as protein expression ratios and error factors. Statistical analysis of iTRAQ quantitative protein data was automated by the Paragon algorithm of the ProteinPilot version 3.0 software package and is based on the contributing peptide ratios. An ␣-level of P Ͻ 0.05 was defined as statistically significant for all comparisons.
RESULTS
Baseline morphology and function. Morphology and LV functional characteristics recorded during the equilibrium perfusion for adult, aged, and aged OVX rats are presented in Table 1 . Rat weight was significantly increased by aging and further increased in aged OVX (P Ͻ 0.0001). LV weight was similarly increased in aged and aged OVX (P Ͻ 0.0001). LV developed pressure (LVDP) and first derivative of LVDP curve (ϪdP/dt) were significantly reduced in aged and aged OVX rats (P Ͻ 0.0001). No significant differences were observed in LV weight-to-body weight ratio, EDP, ϩdP/dt, and time-topeak pressure development.
Recovery from I/R following acute PKC activation. Acute activation of PKCε by administration of εRACK prior to ischemia improved functional recovery in the adult ovaryintact female rat heart, as indicated by improved percentage recovery of baseline LVDP during reperfusion (P Ͻ 0.0001), and this effect was blocked by coadministration of εRACK with the PKCε inhibitor εV1-2 (Fig. 2) . Functional recovery following 47-min ischemia was reduced in the aged OVX rat heart, as indicated by reduced recovery of LVDP and reduced recovery of positive and negative dP/dt compared with adult ovary-intact rat hearts (all P Ͻ 0.0001). These reductions in functional recovery in the aged OVX rat heart were improved by administration of εRACK prior to ischemia (P Ͻ 0.0001, Fig. 3) , with percentage recovery of baseline LVDP peaking at ϳ79% (vs. 38% without εRACK) during reperfusion. A similar protective effect of εRACK on recovery of LVDP was observed in aged animals with ovaries intact (data not shown). A greater increase in EDP during reperfusion was also observed in aged OVX compared with adult ovaryintact rat hearts, and this increase was attenuated by εRACK treatment (P Ͻ 0.0001, Fig. 3 ). Infarct size was also greater in the aged ovary-intact and aged OVX rat heart compared with the adult ovary-intact rat heart. Infarct size was reduced in all three groups by εRACK administration prior to ischemia (Fig. 4) .
Left ventricular PKC and Akt protein levels. Western blot analysis was used to measure relative protein levels of mitochondrial and total PKCε. All Western blot analysis values are expressed relative to the adult ovary-intact group at the baseline preischemic control time point. Prior to I/R, mitochondrial PKCε was significantly reduced by ϳ50% in aged OVX hearts (P ϭ 0.0238; Fig. 5A ). Mitochondrial PKCε was further reduced by ϳ30% following I/R in aged OVX, and was increased with εRACK treatment in both adult ovary-intact and aged OVX following I/R (P Ͻ 0.0003, Fig. 5B ). Total PKCε expression was not significantly altered in the experimental groups (Fig. 5, C and D) . Total and phosphorylated Akt protein levels were significantly reduced in aged OVX vs. adult at baseline and following I/R with and without εRACK treatment (data not shown).
iTRAQ analysis of LV mitochondrial proteins following RACK. For the quantitative assessment of cardiac mitochondrial proteins in E 2 -deficient aged rats following acute PKCε activation, iTRAQ 8plex proteomics analyses were conducted. Proteins of interest were those that differed significantly in aged OVXϩεRACK relative to aged OVX. Significant increases in SOD2, HSP10, and GPX were observed (Table 2) . Subsequent Western blot analysis demonstrated increased mitochondrial protein levels for SOD2, HSP10, and GPX, respectively, following εRACK treatment and I/R injury in aged OVX (Fig. 6) . Notably, I/R resulted in significant reductions in SOD2, HSP10, and GPX in aged OVX (P Ͻ 0.01), while I/R-induced reductions were only observed for HSP10 in adult. Levels of SOD2, HSP10, and GPX were unaffected by εRACK treatment in total protein homogenates (data not shown).
mRNA quantitation. RNA isolated from LV's was subjected to real-time PCR using primers for RACK2 and Cx43. RACK2 mRNA levels were significantly decreased with age and OVX at baseline, while treatment with εRACK prior to I/R was sufficient to return RACK2 mRNA levels to those seen in adult hearts following I/R (Fig. 7A) . Cx43 mRNA levels also de- Fig. 2 . Acute PKCε activation is cardioprotective in the adult female rat heart. Recovery of left ventricular developed pressure (LVDP), expressed as %re-covery of baseline (preischemia) LVDP during reperfusion, following 47-min ischemia was improved by εRACK administration prior to ischemia. This effect was blocked by coadministration of εRACK with εV1-2. ‡Effect of drug; P Ͻ 0.0001. creased significantly with age, but no additional decrease in Cx43 levels were seen with aged OVX (Fig. 7A) . Administration of εRACK increased Cx43 mRNA levels in aged OVX following I/R, but not in aged (Fig. 7B ).
DISCUSSION
The incidence and mortality due to acute myocardial infarction is increased in women after menopause (38) , and clinical and experimental evidence implicate the loss of E 2 in the reduced ischemic tolerance of the aged female heart (18, 33) . Acute activation of PKCε prior to ischemia is known to mimic IPC and improve ischemic tolerance through mechanisms critically involving mitochondria (19) . However, the efficacy of this intervention in the aged, E 2 -deficient heart was unknown, given previously observed reductions in mitochondrial PKCε (18) . In support of our hypotheses, acute activation of PKCε prior to ischemia by local delivery of εRACK peptide was associated with 1) improved functional recovery and reduced infarct size after I/R in the aged, E 2 -deficient rat heart, 2) increased mitochondrial targeting of PKCε following I/R, and 3) identification of candidate downstream PKCε signaling targets, which collectively suggest a role for activation of antioxidant enzymes as a mechanism of PKCε-mediated protection in the aged female heart. Subtle alterations in morphological and baseline functional characteristics were observed with aging and E 2 deficiency in female rats, including increased body weight and LV weight in response to both age and OVX. These findings are consistent with previous reports of increased adiposity in rats with E 2 deficiency (23). Slight but significant reductions in LVDP and ϪdP/dt were also observed at baseline in aged hearts, which is consistent with age-associated reductions in myocardial contractility and relaxation (27) . Ischemic tolerance was impaired in the aged, E 2 -deficient heart, as indicated by both reduced functional recovery and increased infarct size following I/R, and these changes were associated with reduced basal levels of mitochondrial PKCε. Further reductions in mitochondrial PKCε in aged OVX hearts following I/R may be representative of proteosomal PKCε degradation during I/R stress and may compound the basal reductions in cardioprotective reserves of the aged heart (8, 27) .
Acute activation of PKCε by local delivery of εRACK peptide prior to ischemia mimicked IPC and reduced I/R injury in the adult heart, as indicated by improved recovery of LVDP during reperfusion, and the specificity of this response was demonstrated by the blockade of protection with coadministration of εRACK and the PKCε inhibitor εV1-2 peptide. As such, PKCε activation Fig. 3 . Reduced functional recovery in the aged, estradiol (E2)-deficient rat heart is reversed by acute PKCε activation. Absolute recovery of LVDP (A), recovery of enddiastolic pressure (EDP; B) , recovery of change in pressure over time (ϩdP/dt; C), and recovery of ϪdP/dt (D) were reduced in the aged overiectomized (OVX) rat heart following 47-min ischemia and were improved by εRACK administration prior to ischemia. Values are means Ϯ SE (n ϭ 10 -13/group). *Effect of ageϩOVX, ‡effect of drug; P Ͻ 0.0001. Fig. 4 . Increased infarct size in the aged, E2-deficient rat heart is reduced by acute PKCε activation. Following 47-min ischemia and 120-min reperfusion, infarct size (expressed as % LV mass infarcted) was greater in the aged and aged OVX rat heart compared with the adult rat heart. Infarct size was reduced in all groups by εRACK administration prior to ischemia. Values are means Ϯ SE (n ϭ 3-5/group). I/R, ischemia-reperfusion. *Effect of age, †effect of OVX, ‡effect of drug; P Ͻ 0.0001.
by εRACK was sufficient to produce cardioprotection in the aged, E 2 -deficient heart, reducing infarct size to similar levels as those seen in adult hearts. The protection afforded by εRACK was associated with increased mitochondrial targeting of PKCε following I/R. No differences were observed in total PKCε levels across groups, suggesting a mitochondrial-specific effect.
Previous studies suggest the activation of PKCε in cardioprotection limits cell death by direct phosphorylation of the voltage- Cardiac mitochondrial proteins demonstrating altered expression following receptor for activated C kinase (εRACK) treatment in the aged OVX rat heart were identified from 3 isobaric tags for relative and absolute quantitation (iTRAQ) 8plex analyses and are grouped according to associated biological processes. HSP, heat shock protein. Bold indicates that the difference in expression was significant relative to aged OVX control (n ϭ 4/group). dependent anion channel and adenine nucleotide translocase (2) or indirectly by interaction with multiple mitochondrial signaling targets including glycogen synthase kinase-3␤ (22), mitochondrial ATP-sensitive K ϩ channel (13), Cx43 (43), endothelial nitric oxide synthase (35) , F 1 ATP synthase (26) , and cytochrome-c oxidase subunit IV (34) . Quantitative proteomic profiling of the cardiac mitochondrial compartment using the iTRAQ 8plex approach was undertaken here to characterize additional novel or altered mitochondrial PKCε signaling partners involved in cardioprotection following εRACK administration in the aged, E 2 -deficient heart. Importantly, our proteomic analysis was conducted in εRACK-treated hearts prior to ischemia to identify early cardioprotective phenomenon contributing to improved ischemic tolerance with age-associated E 2 deficiency. We observed that mitochondrial HSP10, GPX, and SOD2 (MnSOD) abundance were significantly increased with εRACK administration in aged OVX hearts (by ϳ10, 20, and 30%, respectively) by iTRAQ. Due to the brief time period of εRACK perfusion in these hearts (10 min), changes observed in this analysis are likely attributable to PKCε-stimulated mitochondrial translocation or import of identified proteins. Alterations in transcriptional or translational regulation are unlikely, since rapid changes in protein expression are only expected for a small subset of proteins with very short half-lives. Most mitochondrial proteins have half-lives on the order of 20 to 100 h (14) , while the half-life of SOD has been reported to be ϳ1.5 days (5). The vast majority of mitochondrial proteins are encoded in the nuclear chromatin, synthesized in cytosolic ribosomes, and imported into the mito- chondria via membrane transport mechanisms, thus providing the possibility for rapid increases in mitochondrial protein abundance through increased translocation and mitochondrial import (45) . SOD2 is one such example of a protein that is synthesized as a precursor in the cytosol and imported into the mitochondrial matrix in its mature form following proteolytic removal of its NH 2 -terminal leader sequence (20, 46) .
Following ischemia, it is likely that improved levels of mitochondrial HSP10, GPX, and MnSOD2 observed in εRACK-treated aged OVX hearts are further influenced by protective effects limiting protein degradation. It is clear from the work of Zhang et al. (48) that I/R-induced alterations to the mitochondrial proteome of adult mice occur and are dependent upon severity of ischemia and specific protein abundance. How specific mitochondrial proteins are targeted for lysosomal and/or proteosomal degradation in the aged heart, and the dynamic regulation of these processes, is poorly understood and a necessary focus of future studies.
While several lines of evidence exist to support the possible role of the antioxidant SOD2 as a cardioprotective PKCε target in adult hearts, similar evidence for GPX is less prevalent. Narrow rises in Ca 2ϩ , such as may be seen in IPC, caused increased activity of both GPX and SOD2 in rat liver mitochondria (42) . IPC in isolated male mouse hearts was cardioprotective and caused increased mitochondrial SOD2 abundance, as well as reduced cytochrome c release following I/R (20) . Also, the SODmimetic EUK-8 was cardioprotective in isolated hearts from adult OVX female rats (47) . Perhaps of greatest interest is the report of increased SOD activity following pharmacological preconditioning with the adenosine A 1 receptor agonist CCPA in isolated rat hearts (15) , since PKCε is known to be activated downstream of the A 1 receptor (11). It is likely that increases in GPX and SOD2 immediately following PKCε activation may serve to combat increased reactive oxygen species production in the aged female heart (29) . In contrast, HSP10 is a stress response and chaperone protein shown to regulate mitochondrial procaspase-3 activation, and thus the initiation of apoptosis, through the formation of a complex with HSP60 in the intermembrane space (40) . While speculative, it is also interesting to note that HSPs have recently been implicated in mitochondrial import of PKCε during I/R (6), and thus may contribute to observed increases in mitochondrial PKCε localization following εRACK demonstrated here.
Finally, we interrogated the influence of acute PKCε activation as a mechanism to affect gene transcription as part of a delayed cardioprotective response in our model. Consistent with our previous findings (33), RACK2 mRNA levels were reduced with aging, which likely contributes to age-associated reductions in PKCε localization (17, 33) . A significant increase in RACK2 mRNA levels with administration of εRACK in both aged and aged OVX animals returned RACK2 mRNA to levels seen in adult hearts following I/R. Cx43 mRNA levels also increased with administration of εRACK in hearts isolated from aged OVX. Given evidence that PKC may influence Cx43 and RACK2 transcription (33, 37, 39) , our results point to a possible regulatory role of PKCε in the transcriptional regulation of genes that contribute to delayed cardioprotection (33) . However, since we did not directly assess functional endpoints for delayed cardioprotection, our interpretation is speculative. Independent effects of εRACK on RACK2 or Cx43 mRNA levels, independent of ischemia, were also not determined.
Perspectives and Significance
Improved ischemic tolerance resulting from acute PKCε activation by εRACK was associated with increased mitochondrial targeting of PKCε following I/R. Identification of novel candidate downstream PKCε signaling targets in mitochondria suggests a role for the regulation of oxidative stress through the activation of antioxidant enzymes as a mechanism of PKCε-mediated cardioprotection in the aged female heart. Additional effects of acute PKCε activation on cardioprotective gene transcription suggest a role for PKCε in regulation of immediate and possibly delayed mechanisms of cardioprotection with aging (RACK2 transcription). While our results provide strong rationale for the efficacy of acute PKCε activation to improve ischemic tolerance with postmenopausal E 2 deficiency, there exist known limitations of extrapolating results discerned from a rodent model to postmenopausal women. Future confirmatory approaches will be necessary to clinically validate the observations described here and are the necessary next step in developing clinically useful strategies to treat ischemic heart disease in aged women.
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